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HIGHLIGHTS 


►  Core-shell  Pd@PtRu/C  catalyst  was 
prepared  by  a  two-step  colloidal 
method. 

►  The  mass  activity  for  Pd@PtRu/C 
catalyst  is  about  1.67  times  as  large 
as  PtRu/C. 

►  The  catalyst  shows  excellent 
poisoning  tolerance  as  PtRu/C 
catalyst. 

►  The  interaction  of  alloy  shell  with  Pd 
core  was  revealed  by  XPS  results. 
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A  high-performance,  low  platinum  loading  catalyst  for  the  anodic  oxidation  of  methanol,  Pd@PtRu/C,  is 
prepared  by  a  two-step  colloidal  approach.  The  activity  of  the  Pd@PtRu/C  catalyst  is  1.67  times  and  1.81 
times  that  of  PtRu/C  and  PtRuPd/C  catalysts,  respectively.  The  catalysts  are  characterized  by  TEM,  XPS, 
and  XRD.  The  active  components  are  dispersed  on  the  surface  of  the  carbon  support  very  well,  yielding 
a  particle  size  of  ca.  4.7  nm  and  a  shell  thickness  of  ca.  0.25  nm.  The  catalyst’s  high  activity  may  be 
attributed  to  the  high  exposure  and  dispersion  of  PtRu,  as  well  as  the  interaction  of  PtRu  in  the  shell  layer 
with  Pd  in  the  core,  resulting  from  the  catalyst’s  core-shell  structure. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

For  high  activity  and  good  tolerance  to  carbonaceous  species 
poisoning,  PtRu  alloy  is  a  well  known  anode  catalyst  in  direct 
methanol  fuel  cells  (DMFCs)  [1-7],  During  the  anodic  oxidation  of 
methanol  in  DMFCs  catalyzed  by  a  monometal  platinum  catalyst, 
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the  catalyst  is  easily  poisoned  by  CO  or  other  intermediates 
generated  from  the  oxidation  of  methanol.  Ru  is  recognized  as  the 
best  metal  to  combine  with  Pt  to  minimize  this  poisoning  effect 
through  “the  bifunctional  mechanism”  [1,8],  Many  efforts  have 
been  focused  on  the  preparation  of  novel  PtRu  catalysts  and  the 
improvement  of  PtRu  catalysts  by  adding  a  third  component— for 
example,  depositing  very  thin  PtRu  nanoplatelets  on  carbon 
nanoparticles  [9],  or  alloying  PtRu  with  Mo  [10],  TiCh  [11],  or  CeCh 
[12],  PtRu-based  alloys  used  as  anode  catalysts  yield  improved  CO 
tolerance  or  enhanced  activity  for  methanol  oxidation.  However, 
they  are  bulky  particles,  resulting  in  low  utilization  efficiency  of  the 
noble  metals. 
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To  develop  a  novel  catalyst  with  high  activity,  low  noble  metal 
usage,  and  high  poisoning  tolerance,  an  alternative  strategy  has  been 
adopted:  preparation  of  a  core-shell  structure  catalyst  with  a  PtRu 
alloy  shell.  Core-shell  nanosized  particles  that  have  large  surface-to- 
volume  ratios  and  special  binding  sites  for  fine  particles  in  homo¬ 
geneous  and  heterogeneous  catalysis,  and  that  have  the  active  metal 
(e.g.,  Pt)  distributed  only  on  their  surface,  provide  the  opportunity  to 
increase  Pt  utilization  and  thus  lower  the  noble  metal  loading  [  13,14], 
The  core-shell  structure  may  also  provide  aggregation  resistance 
[15].  Core— shell  structured  catalysts,  such  as  Pd/Pt  core— shell 
nanowire  arrays  [6],  Au@Pt/C  [16,17],  Ni@Pt  [18],  Ni@Pd  [19], 
Pt@Ru/C  [20],  Pd4Co  [21  ],  and  so  forth,  have  been  widely  investigated 
for  methanol  oxidation,  but  most  with  a  monometal  shell  showed  no 
obvious  improvement  in  CO  tolerance.  It  is  therefore  important  to 
develop  a  type  of  core— shell  catalyst  with  a  PtRu  alloy  shell.  In  fact, 
there  have  already  been  a  few  reports  of  core— shell  catalysts  with 
alloy  shells-e.g„  PdCu@PtRu  [22],  Co@Pt-Ru  [23],  and  Pt-Ru@PThB 
[24]— confirming  that  a  core-shell  catalyst  with  an  alloy  shell  not 
only  achieves  the  high  performance  and  high  utilization  of  a  noble 
metal,  but  also  improves  tolerance  to  poisonous  species. 

To  decrease  cost  while  improving  catalytic  activity,  Pd  is  ex¬ 
pected  to  be  a  good  fit  with  Pt,  as  the  two  metals  have  a  lattice 
mismatch  of  only  0.77%;  thus,  the  Pd  surface  favors  the  reduction  of 
Pt  [18,25],  More  significantly,  Pd  nanocrystals  are  much  cheaper 
than  Pt  nanocrystals  and  have  good  electrochemical  stability, 
making  Pd  the  ideal  core  element  for  the  synthesis  of  a  PtRu  alloy- 
shelled  core-shell  catalyst. 

Based  on  the  foregoing,  we  fabricated  a  PtRu  alloy-shelled  core¬ 
shell  structure  catalyst  by  decorating  Pd  core  nanoparticles  with 
a  PtRu  shell  via  a  two-step  colloidal  method.  This  method  of 
preparing  Pd@PtRu/C  leads  to  PtRu  islands  occurring  selectively  on 
the  pre-formed  Pd  surface,  favoring  synergetic  catalytic  effects 
between  the  Pd  core  and  PtRu  shell.  The  Pd@PtRu/C  catalyst 
synthesized  in  this  work  showed  both  remarkable  catalytic  activity 
and  good  tolerance  to  CO  poisoning  during  methanol  oxidation. 

2.  Experimental 

2.1.  Preparation  of  Pd@PtRu/C  electrocatalyst 

Carbon-supported  Pd/C,  which  was  used  as  the  core,  was 
prepared  by  an  organic  colloid  method  [26,27],  Palladium  chloride 
(PdCh)  and  sodium  citrate  were  dissolved  in  ethylene  glycol  (EG), 
then  stirred  for  30  min.  Afterward,  Vulcan®  XC72  carbon  black 
(Cabot  Corp.,  BET:  237  m2  g  denoted  as  C)  was  added  to  the 
mixture  under  stirring  (Pd  loading  of  12%).  The  pH  of  the  mixed 
solution  was  adjusted  to  >10  by  the  drop-wise  addition  of  a  5  wt% 
KOH/EG  solution  under  stirring.  The  solution  was  then  placed  into 
a  Teflon®-lined  autoclave  and  reacted  at  160  °C  for  8  h,  followed  by 
filtering,  washing  and  vacuum  drying  at  70  °C,  yielding  the  Pd/C. 
The  Pd@PtRu/C  catalyst  was  prepared  by  depositing  a  shell  layer  of 
PtRu  alloy  on  the  surface  of  the  Pd/C  (Pd,  Pt,  and  Ru  metal  loadings 
of  12%,  5%,  and  3%,  respectively,  Pt:Ru  atomic  ratio  of  1:1);  the 
procedures  were  same  to  those  in  step  1  for  the  preparation  of  Pd/C, 
but  using  Pd/C  instead  of  carbon,  and  using  Pt  and  Ru  precursors 
instead  of  Pd  precursors. 

The  total  metal  loading  was  ca.  20  wt%  and  the  nominal  Pt 
content  was  ca.  5  wt%.  For  comparison,  20  wt%  PtRu/C  (Pt:Ru  atomic 
ratio  of  1:1)  and  PtRuPd/C  (same  metal  loading  as  for  Pd@PtRu/C) 
were  prepared  using  the  same  approach. 

2.2.  Measurements 

Information  on  the  particle  size  and  shape  of  the  prepared 
catalysts  was  obtained  using  scanning  transmission  electron 


microscopy  (Hitachi  HD-2000  STEM)  at  200  kV,  and  transmission 
electron  microscopy  (JEOL  JEM-2010HR,  Japan). 

The  phase  structure  was  identified  by  X-ray  diffraction  (XRD) 
measurement  using  a  Shimadzu  XD-3A  X-ray  diffractometer 
(Japan)  with  a  filtered  Cu-Ka  radiation  source,  operated  at  35  kV 
and  30  mA.  Diffraction  patterns  were  collected  from  20°  to  80°  at 
a  scanning  rate  of  4°  min-1  and  with  a  step  size  of  0.01°. 

An  IM6e  electrochemical  workstation  (Zahner,  Germany)  and 
a  standard  three-electrode  electrochemical  cell  were  used  to 
evaluate  the  catalysts’  electrochemical  reactivity  by  cyclic  voltam¬ 
metry  (CV)  at  room  temperature.  A  platinum  wire  and  an  Ag/AgCl 
electrode  were  used  as  the  counter  and  reference  electrodes, 
respectively.  The  working  electrode  was  a  glassy  carbon  disk 
covered  with  a  thin  layer  of  Nafion®-impregnated  catalyst.  The 
thin-film  electrode  was  prepared  as  follows:  5  mg  of  catalyst  was 
dispersed  in  1  mL  Nafion®/ethanol  (0.25%  Nafion®)  by  sonication 
for  30  min,  and  6  pL  of  the  dispersion  ink  was  applied  onto  a  glassy 
carbon  working  electrode  (diameter  of  5  mm)  using  a  pipette.  A  CV 
test  was  conducted  at  50  mV  s'  1  in  a  solution  of  0.5  M  H2SO4  or 
0.5  M  H2SO4  +  0.5  M  CH3OH,  in  the  potential  range  of -0.2  to  1.0  V. 
High-purity  N2  was  used  before  and  during  the  measurement  to 
purge  the  electrolyte.  The  PtRu  loadings  of  the  PtRu/C  and 
Pd@PtRu/C  catalysts  on  the  electrode  surface  were  0.006  and 
0.0024  mg  PtRu  cm-2,  respectively,  and  same  PtRu  loadings  for  the 
PtRuPd/C  catalyst. 


3.  Results  and  discussion 

Fig.  1  presents  the  XRD  patterns  of  the  prepared  Pd@PtRu/C, 
Pd/C,  PtRu/C,  and  PtRuPd/C.  The  peak  at  25.3°  can  be  attributed  to 
the  (002)  diffraction  of  the  carbon  supports.  The  other  diffraction 
peaks  at  Bragg  angles  of  24.5°,  39.8°,  46.3°,  and  67.6°  are  assigned 
to  the  (111),  (200),  and  (220)  facets  of  Pd  with  a  face-centered  cubic 
lattice  structure,  revealing  that  the  Pd@PtRu/C  catalyst  still  has  the 
structure  of  palladium,  although  a  thin  PtRu  alloy  layer  decorates 
the  surface  of  the  palladium  nanoparticles.  The  broadened  peak  of 
PtRu/C  around  30° -50°  is  due  to  the  presence  of  small  particles  in 
the  PtRu/C.  The  average  particle  sizes  of  the  Pd/C,  PtRu/C,  PtRuPd/C, 
and  Pd@PtRu/C,  estimated  from  the  XRD  data  using  Jade  software, 
are  4.2,  2.7,  5.8,  and  4.7  nm,  respectively;  the  size  increase  from 
Pd/C  to  Pd@PtRu/C  confirms  that  PtRu  alloy  decorated  the  surface 
of  the  Pd  nanoparticles  in  the  second  preparation  step.  The 
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thickness  of  the  PtRu  shell  layer  was  ca.  0.25  nm.  It  is  notable  that 
the  particle  size  of  Pd@PtRu/C  (4.7  nm)  is  much  smaller  than  that  of 
PtRuPd/C  (5.8  nm)  due  to  the  special  core-shell  structure. 
Furthermore,  we  found  that  the  diffraction  peak  (220)  for  both 
Pd@PtRu/C  and  PtRuPd/C  had  a  slightly  negative  shift  compared  to 
that  of  Pd/C. 

Fig.  2  shows  TEM  images  of  the  Pd@PtRu/C  (A,  B),  PtRu/C  (C,  D), 
and  PtRuPd/C  ( E,  F)  catalysts.  It  can  be  seen  in  Fig.  2  A  and  B  that  active 
components  are  well  dispersed  on  the  carbon  support  and  have 
a  very  narrow  particle  size  distribution.  It  is  clear  that  the  active 
components  dispersion  of  Pd@PtRu/C  catalyst  is  much  better  than 
that  of  PtRuPd/C,  but  less  desirable  than  that  of  PtRu/C.  The  average 


particle  sizes  of  active  components  for  catalysts  PtRuPd/C,  Pd@PtRu/ 
C,  and  PtRu/C  are  ca.  5.6, 4.5,  and  2.5  nm,  respectively;  these  values 
are  in  good  agreement  with  the  XRD  results.  The  PtRu-rich  shell  on 
the  Pd/C  core  could  not  be  observed  due  to  the  particle’s  very  small 
size  and  very  thin  shell  layer,  and  to  the  similar  lattice  parameters  of 
Pt  and  Pd.  However,  the  X-ray  photoelectron  spectroscopy  (XPS) 
results  revealed  the  existence  of  Pt  and  Ru;  thus,  it  is  reasonable  to 
suggest  that  the  PtRu  would  be  reduced  and  then  cover  the  core  Pd 
particles,  because  it  is  suggested  that  depositing  the  shell  metals  on 
the  metal  core  will  be  easier  than  on  the  carbon  support  [27], 

To  obtain  information  about  the  surface  composition,  the 
surface  electronic  structure  of  the  PtRuPd/C  and  Pd@PtRu/C 


Fig.  2.  TEM  images  of  the  Pd@PtRu/C  (A,  B),  PtRu/C  (C,  D)  and  PtRuPd/C  (E,  F)  catalysts  and  the  corresponding  particle  size  distribution. 
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catalysts  was  further  evaluated  by  XPS.  Fig.  3A  and  B  shows  the 
wide-scan  XPS  spectra  of  PtRuPd/C  and  Pd@PtRu/C.  The  detected 
atomic  ratios  of  the  Pt  (0.61 )  and  Ru  (0.13)  peaks  in  Pd@PtRu/C  are 
obviously  stronger  than  those  of  the  Pt  (0.35)  and  Ru  (0.07)  peaks  in 
PtRuPd/C,  while  the  detected  atomic  ratio  of  Pd  (0.70)  in  Pd@PtRu/C 
is  much  weaker  than  that  of  Pd  (2.0)  in  PtRuPd/C,  demonstrating 
that  the  surface  of  Pd@PtRu/C  is  enriched  by  PtRu.  Since  the  recipe 
atomic  ratio  of  Pt:Pd:Ru  in  both  PtRuPd/C  and  Pd@PtRu/C  catalysts 
is  the  same,  the  surface-enriched  PtRu  and  the  surface-poor  Pd  are 
possible  indications  of  PtRu  covering  the  preformed  Pd  nano¬ 
particles.  Thus,  the  results  support  the  suggestion  that  the 
Pd@PtRu/C  catalyst  has  a  clearly  identifiable  core-shell  structure. 

The  Ru  3d  spectra  overlap  with  the  C  Is  spectra,  making  it 
difficult  to  quantify  the  binding  energy  states  of  Ru.  Fig.  3C  shows 
the  Ru  3d  spectra.  Hence,  the  Ru  in  the  PtRuPd/C  and  Pd@PtRu/C 
catalysts  can  still  be  clearly  identified. 

Fig.  3D— G  shows  the  detailed  XPS  spectra  of  Pt  4f  and  Pd  3d  in 
Pd@PtRu/C  and  PtRuPd/C;  each  spectrum  was  analyzed  by  decon¬ 
volution.  For  PtRuPd/C  (Fig.  3D)  after  deconvolution,  the  peaks  with 
binding  energies  of  71.1  and  74.6  eV  are  ascribed  to  metallic  Pt, 
whereas  the  peaks  corresponding  to  71.8  and  75.5  eV  can  be 
assigned  to  Pt  (II)  species  in  the  form  of  Pt(OH)2  or  PtO  [28],  But  for 
Pd@PtRu/C,  the  binding  energies  of  Pt  4f  in  the  shell  layer  are  higher 
than  those  of  PtRuPd/C,  indicating  an  interaction  between  Pd  and 
PtRu.  Indeed,  the  positive  shift  of  Pt  4f  in  the  shell  layer  has  been 
mentioned  by  other  groups  [29], 

Regarding  the  binding  energy  of  Pd  3d,  we  found  that  the  binding 
energies  of  Pd  in  the  core  of  the  Pd@PtRu/C  catalyst  (Fig.  3G)  were 
lower  than  those  of  Pd  in  the  PtRuPd/C  catalyst  (Fig.  3E),  which  is  the 
reverse  of  Pt.  The  negative  shift  of  Pd  3d  in  the  core  may  result  from 
the  interaction  between  Pd  and  the  Pt  and  Ru  in  the  alloy. 


The  XPS  results,  the  catalyst  synthesis  method,  and  our  previous 
work  all  indicate  a  core— shell  structure  [30,31],  CV  was  used  to 
confirm  the  PtRu-on-Pd/C  structure. 

The  fine  structures  of  the  core  and  shell  layers  were  further 
characterized  using  CV,  a  surface-sensitive  technique  that  detects 
the  electrochemical  properties  of  surface  atoms  only,  rather  than  of 
bulk  atoms  [32],  For  comparison,  the  electrochemical  performances 
of  PtRu/C  and  PtRuPd/C  were  also  investigated.  Fig.  4  plots  the  CV 
results  of  the  PtRu/C,  PtRuPd/C,  and  Pd@PtRu/C  catalysts  in 
N2-purged  0.5  M  H2SO4;  a  large  hydrogen  oxidation  peak  for  Pd  at 
around  -0.2  V  can  be  clearly  observed  for  PtRuPd/C,  but  for  the 
Pd@PtRu/C  sample  this  peak  has  disappeared,  indicating  that  the 
carbon-supported  Pd  nanoparticles  may  be  covered  by  a  PtRu  layer. 
Furthermore,  the  CV  results  demonstrate  the  multi-metal  charac¬ 
teristics  of  Pd@PtRu/C  because  it  has  almost  the  same  CV  plot  as 
PtRu/C.  The  electrochemical  surface  areas  ESA  of  the  catalysts  can 
be  calculated  by  integrating  the  hydrogen  adsorption/desorption 
charges  [33],  based  on  Fig.  4.  The  SE sa  of  Pd@PtRu/C  (143.3  m2  g-1 
PtRu  metal)  is  much  higher  than  that  of  PtRu/C  (95.1  m2  g-1  PtRu 
metal)  and  PtRuPd/C  (83.7  m2  g  1  PtRu  metal).  During  the  prepa¬ 
ration  of  Pd@PtRu/C,  Pd/C  is  prepared  first  and  the  active  sites  of  the 
carbon  support  are  mainly  occupied  by  Pd  nanoparticles.  Conse¬ 
quently,  the  addition  of  H2PtCl6  and  RuCb  causes  the  Pt  and  Ru  ions 
to  be  reduced  largely  on  the  pre-formed  Pd  surfaces,  leaving  only 
occasional  isolated  PtRu  nanoparticles.  Hence,  the  cyclic  voltam- 
mogram  of  Pd@PtRu/C  possesses  characteristics  of  both  PtRu/C  and 
Pd/C.  This  result  reveals  that  the  PtRu  on  Pd/C  core-shell  structure 
plays  a  major  role  in  enhancing  the  ESA  because  the  platinum  and 
ruthenium  were  highly  dispersed  on  the  core  Pd  surface,  and  PtRu 
and  Pd  had  a  synergistic  effect  at  the  interface.  Thus,  the  core— shell 
structure,  or  the  pseudo  core— shell  structure  achieved  by  platinum 
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Fig.  3.  Survey  XPS  spectra  of  the  PtRuPd/C  (A)  and  Pd@PtRu/C  (B)  catalysts,  the  Ru  3d  core  level  XPS  spectra  of  the  catalysts  PtRuPd/C  and  Pd@PtRu/C  (C);  the  Pt  4f  core  level  XPS 
spectra  of  PtRuPd/C  (D)  and  Pd@PtRu/C  (E);  the  Pd  3d  core  level  XPS  spectra  of  the  PtRuPd/C  (F)  and  Pd@PtRu/C  (G)  catalysts. 
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Fig.  3.  ( continued ). 


and  ruthenium  covering  the  surface  of  the  Pd/C  cores  in  Pd@PtRu/C, 
was  indirectly  confirmed  by  CV  in  0.5  M  H2SO4  solution. 

The  effect  of  the  core— shell  structure  on  the  electrocatalytic 
activity  of  Pd@PtRu/C  was  investigated  in  a  0.5  M  H2SO4  +  0.5  M 
CH3OH  solution.  As  shown  in  Fig.  5,  the  core-shell  structured 
Pd@PtRu/C  catalyst  exhibited  very  high  activity  toward  the  anodic 
oxidation  of  methanol. 

The  typical  cyclic  voltammograms  of  Pd@PtRu/C,  PtRuPd/C,  and 
PtRu/C  for  methanol  electrooxidation  in  0.5  M  H2S04  +  0.5  M 
CH3OH  solution  are  presented  in  Fig.  5.  For  the  core-shell  struc¬ 
tured  Pd@PtRu/C  catalyst,  the  forward-sweeping  peak  current 


density  reaches  1.25  A  mg-1  PtRu,  which  is  about  1.67  times  and 
1.81  times  as  large  as  that  of  PtRu/C  (0.75  A  mg  1  PtRu)  and  PtRuPd/ 
C  (0.69  mA  mg-1  PtRu),  respectively.  The  core— shell  structured 
Pd@PtRu/C  catalyst  clearly  shows  superior  activity  to  the  PtRu/C 
and  PtRuPd/C  catalysts  for  the  anodic  oxidation  of  methanol.  As 
mentioned  previously,  the  ESA  of  Pd@PtRu/C  is  1.5  and  1.6  times 
larger  than  that  of  PtRu/C  and  PtRuPd/C,  so  the  activity  results  of 
PtRuPd/C  and  Pd@PtRu/C  seem  quite  consistent  with  the  ESA 
results.  In  addition,  the  onset  potential  of  methanol  oxidation  on 
Pd@PtRu/C  (0.19  V)  shows  a  negative  shift  compared  to  that  of 
PtRuPd/C  (0.21  V),  due  to  the  former’s  core-shell  structure.  It  is 
generally  acknowledged  that  the  peak  current  for  the  forward  scan 
(if)  is  due  to  methanol  oxidation  and  the  peak  current  for  the 
reverse  scan  (fb)  is  associated  with  the  removal  of  the  poisonous  CO 
intermediate  [18],  The  /f//b  ratio  is  often  used  to  describe  tolerance 
to  carbonaceous  species  poisoning  [34],  The  Jf//b  ratio  of  Pd@PtRu/C 
is  1.58,  which  is  similar  to  that  of  PtRuPd/C  (1.56)  and  slightly  lower 
than  that  of  PtRu/C  (1.64),  showing  that  the  core— shell  structured 
Pd@PtRu/C  catalyst  has  high  activity  toward  the  anodic  oxidation  of 
methanol  and  good  tolerance  to  poisonous  species  on  the  catalyst 
surface. 

It  should  be  pointed  out  that  the  mass  activity  of  our  core  shell 
catalyst  Pd@PtRu/C  in  terms  of  platinum  is  higher  than  that  re¬ 
ported  previously  by  other  researcher  (2.0  A  mg-1  Pt  vs.  0.8  A  mg 
Pr1)  [22], 

Because  Pd  is  inactive  for  methanol  oxidation  [35],  the  activity 
of  PtRuPd/C  is  a  little  lower  than  that  of  PtRu/C.  As  previously 
mentioned,  the  activity  of  Pd@PtRu/C  showed  1.81  times  higher 
than  PtRuPd/C,  indicating  that  the  activity  of  Pd@PtRu/C  was 
greatly  enhanced  by  the  core-shell  structure.  One  reason  is  that  the 
core— shell  structure  increases  the  surface-to-volume  ratio;  another 
reason  is  that  the  Pd  core  can  have  a  synergistic  electronic  effect 
with  the  PtRu  in  the  shell  layer,  making  the  electrocatalyst  more 
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E/V  vs.  Ag/AgCI 

Fig.  5.  Cyclic  voltammograms  of  Pd@PtRu/C,  PtRuPd/C  and  PtRu/C  in  0.5  M 
H2S04  +  0.5  M  CH3OH  at  room  temperature;  sweep  rate  =  50  mV  s_1. 


Fig.  6.  The  chronoamperometric  curves  for  the  anodic  oxidation  of  methanol  on  PtRu/ 
C,  PtRuPd/C  and  Pd@PtRu/C  electrodes  of  0.5  M  CH30H  in  0.5  M  H2S04  solution  for 
1000  s;  fixed  potential  =  0.65  V,  rotation  speed  =  300  rpm. 


efficient.  The  remarkably  high  mass-specific  oxidation  current  for 
the  methanol  oxidation  reaction  and  the  good  tolerance  to  COads 
may  be  attributable  to  both  the  high  dispersion  of  platinum  and 
ruthenium  on  the  Pd  core  and  the  strong  interaction  between  the 
outer  PtRu  shell  and  the  inner  Pd  core. 

Fig.  6  shows  the  chronoamperometric  curves  of  methanol 
anodic  oxidation  on  PtRu/C,  PtRuPd/C,  and  Pd@PtRu/C  electrodes  at 
0.65  V  in  0.5  M  CH3OH  +  0.5  M  H2SO4  solution.  It  is  obvious  that  the 
Pd@PtRu/C  composite  electrode  shows  more  stability  than  the 
PtRuPd/C  electrode  under  the  same  experimental  conditions.  This 
result  further  confirms  the  high  activity  and  stability  of  the  core- 
shell  structured  Pd@PtRu/C  catalyst. 

4.  Conclusions 

A  core— shell  structured  Pd@PtRu/C  catalyst  with  a  PtRu  alloy 
shell  was  prepared  by  a  two-step  colloidal  approach.  The  core¬ 
shell  structure  resulted  in  a  high  dispersion  of  the  active  compo¬ 
nents.  The  catalyst  showed  significantly  enhanced  activity  for  the 
anodic  oxidation  of  methanol,  as  well  as  higher  tolerance  to 
poisoning  by  intermediates  generated  in  the  process  of  anodic 


methanol  oxidation.  For  the  anodic  oxidation  of  methanol,  the  mass 
activity  of  Pd@PtRu/C  was  1.67  times  as  large  as  that  of  PtRu/C,  and 
the  If/lb  ratio  was  as  high  as  1.58.  Furthermore,  various  character¬ 
ization  results  revealed  the  core-shell  structure  and  the  interaction 
between  shell  and  core.  Its  high  activity,  combined  with  good 
poisoning  tolerance  and  good  stability,  makes  Pd@PtRu/C  a  prom¬ 
ising  and  competitive  low-Pt  catalyst  for  PEMFC  or  DMFC 
applications. 
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